The origin of the Ti 3d defect state seen in the band gap for reduced rutile TiO 2 (110) surfaces has been excitingly debated. and Ti-interstitials condensed near the surface region contribute to the gap state and the contribution to the gap state from the Ti-int becomes comparable to that from V O for the substrates with low sheet resistance less than ~200 Ω/□.
Introduction
The origin of the defect state in the band gap seen in ultraviolet photoelectron spectra (UPS) for reduced(R-) and hydroxylated(H-)TiO 2 (110) surfaces has been recently debated excitingly [1] [2] [3] [4] [5] . It has been long recognized that the six fold Ti beneath a bridging oxygen (O br ) vacancy (V O ) gives the gap state ~0.8 eV below the Fermi level (E F ) [6] [7] [8] . It is also known that the defect state has a d-state like nature (resonance at 47 eV) [9, 10] and thus the Ti 3+ state which corresponds to a Ti 4+ core binding one 3d electron is the most probable candidate [7, 10] . Recently, Wendt et al. [1] reported that the Ti 3d defect state comes from Ti interstitials (Ti-int) segregated near the surface and does not from the V O . According to the report, exposing an There have been also many efforts to explain the gap state theoretically. Morgan and Watson [8] performed DFT (density functional theory) corrected for on-site
Coulomb interaction (GGA+U) for R-TiO 2 (110) and reproduced the gap state localized on the pairs of 6-fold Ti atoms adjacent to a V O . According to Valentin and Pacchioni [7] , a hybrid exchange functional (B3LYP) also predicted localized gap states; one electron transferred to a 6-fold Ti and another to a 5-fold Ti for both R-TiO 2 (110) and the H-TiO 2 (110) surfaces. Recent STM observation, however, revealed the excess charge delocalized and distributed symmetrically on multiple Ti 4+ sites (5-fold Ti) for both R-and H-TiO 2 (110) surfaces [11] . Sharing of the defect charge by neighboring 5-and 6-fold Ti atoms was also demonstrated by resonant photoelectron diffraction measurements [12] . Concerning the contribution from Ti-int, spin polarized hybrid DFT calculations also showed that a neutral Ti placed in an interstitial site spontaneously transforms into a Ti 3+ ion with nearly one electron localized on the 3d shell, which makes the band gap state [13] .
In such as Ti-int are discussed quantitatively. In this regard, it is crucial to estimate the density of Ti interstitials in near-surface regions. We evaluate the density quantitatively by measuring the sheet resistance using a 4-point probe.
Experiment
We employed the rutile TiO 2 (110) substrates mirror-finished with low enough levels of impurities less than 5 ppm (less than 0.1 ppm for Mg, Ca, Sr, and Ba).
Initially the as-supplied We also measured work functions (Φ) by means of photon-induced secondary ( 140 = hν eV) electron emission from surfaces, which were negatively biased (-V) [14] . The work function is given by Φ is the work function of the spectrometer (3.70 eV) and is the on-set energy of secondary electron emission spectra (see Fig. 3(b) ). using the ZBL potentials [19] and estimated the energy spread of MEIS/ERD spectra employing the Lindhard-Scharff formula for energy straggling [20] . The uncertainties in the H and 18 O detection were ±0.5 and ±0.4×10 13 atoms/cm 2 , respectively, which were roughly estimated from reproducibility (two or three times) and statistics for signal areas including the uncertainty of background levels. In order to avoid the radiation damage effects such as hydrogen escape from surfaces, the Ne + beam current was limited below 2 nA and the irradiated area was shifted slightly after accumulation of 0.5 and 0.05 μC for He + and Ne + impacts, respectively. Note that all the analysis measurements were made at RT. Further details can be found in the literatures [21, 22] .
Results and Discussion
Initially as-supplied TiO 2 (110) substrates were annealed at 973 K for 30 min in UHV to be conductive owing to creation of Ti(Ti 3+ ) interstitials acting as an electron donor. [24] on the basis of electron-paramagnetic resonance measurements.
We measured the defect state intensity dependent on sheet resistance, as shown in Fig.   2 (b). The spectra from the bottom to top correspond to the sheet resistance of 900
(point A in Fig. 2 (a)), 250 (point B), and 100 Ω/□ (point C). It is clearly seen that lower resistance gives higher defect state intensity. It is reasonable that the higher density of Ti-int in the bulk leads to a higher density of subsurface Ti-int by annealing in UHV. The sheet resistance changed from 900 to 250 Ω/□ resulted in reduction of the work function of ~0.2 eV (not shown here). There is a general trend that work function gradually decreases with decreasing the sheet resistance by continuing the sputtering/annealing cycles, although only a slight reduction was seen for the substrates subjected to sputtering/annealing cycles more than 5 times (see Fig. 2 (a)). feature in UPS spectra and a broad surface peak with a low energy tail for the scattering components from 16 O and Ti in MEIS spectra. We found out an optimum condition to form the nearly stoichiometric surface as described above by checking the RHEED patterns and UPS and MEIS spectra. In order to confirm the above interpretation, we exposed the R-TiO 2 (110) and the substrates with sheet resistance of ~100 ( Fig. 6(a) ) and ~900 ( Fig. 6(b) ) Ω/□. Here, the open and filled symbols denote the photon incidence of 50 and 90 eV, respectively.
For the TiO 2 substrate with a lower sheet resistance (~100 Ω/□, 15 cycles), the normalized defect state intensity still keeps a value of ~0.5 at O 2 exposure of 10 L, whereas the OH 3σ intensity drops to 0. The residual defect state intensity originates from Ti-int. This trend is similar to the result reported by Wendt et al. [1] . In contrast, the residual defect state intensity is small when the OH 3σ signal disappeared at 50 L for the substrate with a higher resistance (900Ω/□, 2 cycles). In any cases, after O 2 exposure above 100 L, the Ti 3d defect state intensity remained at ~0.2. Such a gap state intensity remained was also observed by Wendt et al. [1] and Yim et al. [3] . This probably comes from the Ti-int (Ti 3+ ) located in a relatively deep subsurface region, which cannot deliver the excess charge to allow for O ad atom creation but can emerge as photoemission, although limited to an escape depth. RT, as shown in Fig. 7(c) , where the scattering components from 16 As the results, we obtain the following equation, Fig.8(b) . The areal density of the adsorbed O atoms on the 5-fold Ti for the substrate exposed to CO followed by 18 Correlating the O adsorption on the 5-fold Ti, the defect state intensity is decreased, almost extinct (see Fig. 8(a) Using the charges provided by a V O (1.45e) and a Ti-interstitial (0.8e), we estimate roughly the contribution from Ti-int from the results shown in Fig. 3(a) 
Here, the V O density of 7.9 % (0.079 ML) for R-TiO 2 is used, which was determined by D 2 18 O exposure as mentioned before. Thus we obtain the density of ~7 % (0.07 ML)
for the Ti-int condensed near the surface and contributing to the gap state. This value is omparable with that (0.05 -0.06 ML) predicted by Wendt et al. [1] . Obviously, V O is rce for R-TiO 2 , whereas Ti interstitials become dominant for R*-TiO 2 .
bstrates with a low sheet resistance less than ~200 Ω/□. There is a general trend that the increase in subsurface
Ti interstitials leads to gradual reduction of work function. 
